Here we present the gain and SESAM structure design strategy employed for the demonstration of ultrashort pulses and we present a comprehensive study outlining the influence of the cavity geometry on the pulse duration and peak power achievable with a state of the art VECSEL and SESAM structure. We will discuss the physical mechanisms limiting the output power with near 100fs pulses and we will compare experimental results obtained with different cavity geometries, including a V-shaped cavity, a multi-fold cavity, and a ring cavity in a colliding pulse modelocking scheme. The experimental results are supported by numerical simulations.
INTRODUCTION
Recent progress in mode-locked vertical external cavity surface emitting lasers (VECSEL) has led to the demonstration of pulse durations below 100fs with output powers above 100mW in the GHz repetition rate regime.
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These performances have surpassed other semiconductor laser technologies and are interesting for the generation of self-referenced frequency combs, particularly in the GHz regime where existing laser systems (fiber, DPSSL) are not well suited due to the required short cavity length and inherent Q-switching instabilities. 2 The combination of high power and short pulse duration is required to achieve a spectral broadening in a non-linear media, such as a photonic crystal fiber (PCF) or a dielectric waveguide, allowing f-to-2f interferometric stabilization of the offset frequency. The required octave-spanning coherent supercontinuum generally requires an amplification of the oscillator output power, making these systems relatively complex, expensive and bulky. However, the continuing improvements of VECSEL performance in term of power and pulse duration open up the possibility of a direct supercontinuum generation without prior amplification, in a highly non-linear silicon nitride or tantalum pentoxide waveguide for example. 3 In this proceeding, we describe the strategy employed to shorten the pulse duration while keeping a high output power from a passively modelocked VECSEL. We present the design of the gain and saturable absorber structure, and we study the influence of the cavity geometry on the pulse duration and peak power achievable, as well as on the robustness of the modelocking regime when the laser parameters are changed. We tested different cavity geometries, including a V-shaped cavity, a multi-fold cavity, and a ring cavity in a colliding pulse modelocking scheme. The influence of the cavity length and cavity angles will also be addressed. We show in particular how a colliding pulse scheme can improve the range and stability of the modelocking regime due to the reduced effective saturation fluence of the absorber, allowing a higher combined output power. The experimental results are supported by previously reported numerical simulations of the structure dispersion, pulse formation mechanism, and pulse interaction with the absorber.
GAIN STRUCTURE DESIGN STRATEGY
The first step to design a semiconductor gain structure that can support ultrashort pulses (< 100fs) is to make sure that the structure can provide a very broad and spectrally flat gain, to ensure that the wide spectrum required for ultrashort pulses is not physically limited by the gain bandwidth. The gain material, generally quantum wells (QW), will provide a gain spectrum that is intrinsically curved, often approximated to a parabolic function, and the effective gain curvature is even more pronounced due to the field enhancement factor of the gain structure. Indeed, if the QWs are placed at the antinodes of the field, the gain will be maximum, but it will also produce a sharp spectral resonance that further increases the curvature of the gain, which is not ideal for a short pulse generation. However, it is possible to mitigate this effect by a judicial placement of the QWs according to the standing wave in the structure. By distributing the QWs non uniformly around the antinodes of the field it is possible to flatten out the gain spectrum seen by a pulse which is more favorable for the generation of short pulses. The QWs position can be numerically optimized with a microscopic simulation of the pulse formation. 4 The QW placement in the gain structure is typically designed taking into consideration multiple other aspects: to avoid bleaching of the QW inversions by a strong pulse, to provide a gain spectrum as broad as possible, to have sufficiently high modal gain to overcome the cavity loss, to alleviate any microcavity effects, and to reduce the influence of QW dispersion in the cavity. On top of all these physical properties, we also have to make sure that the accumulated strain in the structure from the highly strained QWs is within tolerance for a good crystal growth quality. Indeed, if the local strain of the structure crosses the critical limit of the material grown, an array of dislocations may form along the crystal axis and propagate vertically through the structure. These dislocation lines are to be avoided since they are centers of non radiative recombination and drastically reduce the carriers' lifetime and efficiency of the device. 5 Since most QWs are not lattice matched to the host substrate, this limits the minimum spacing between them and the maximum number that can be stacked around an antinode, and is increasingly challenging with heavily strained wells, i.e at longer wavelengths for InGaAs QWs.
To evaluate the potential performance of a structure design, we simulate the pulse formation dynamic by modelling non-equilibrium quantum dynamics of the electron-hole excitations in the gain and absorber medium via the semiconductor Bloch equations while treating the field propagation at the level of Maxwells wave equation. These computations are optimized for speed and run in parallel on an SGI UV2000 shared memory machine. Taking into account all these microscopic interactions provides a more accurate description of the mode-locking mechanism, in particular with ultrashort pulses (<200fs) where these interactions are on the same time scale as the pulses. It is however a challenging task as a single modelocking simulation can take more than 40h to run.
An example of a VECSEL structure optimized with such simulation is presented in Fig 1 with the corresponding enhancement factor.
The length of the microcavity is also an important factor since it directly affects the microcavity Q-factor, hence the spectral selectivity. To broaden this spectral filter it is advantageous to keep the length of the microcavity to a minimum, but that also means that the pump-absorbing and strain-compensating barriers will be shortened. It is thus important to manage the reduced pump absorption by recycling the unabsorbed pump. It can be accomplished by using a signal DBR transparent at the pump wavelength followed by an additional metal reflector (hybrid metal-semiconductor mirror). By using a metallic mirror like gold, which has a very broad reflectivity spectrum, it is possible to enhance both the signal and the pump reflectivity. We can then reduce the number of DBR pairs significantly while keeping the same reflectivity level at the signal wavelength.
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This has the advantage of reducing the thermal impedance of the device and providing a slightly wider spectral bandwidth (∼ +10%).
Another equally important design strategy is to manage the group delay dispersion (GDD) of the structure, to provide a broad and spectrally flat GDD with a value approaching zero fs 2 . When optimizing the GDD of the structure, it is important to consider the dispersion of the other elements that will be present in the cavity (SESAM, mirrors), and the respective number of passes per round trip on each of these elements, to ensure that the total cavity dispersion is optimized, not just the gain structure itself. We should note that the gain structure is usually the main contributor of non-linear dispersion in the cavity and thus it will be advantageous to minimize its number of passes per round trip when designing the cavity.
The respective angle of incidence of the lasing field on each element should also be considered, as it significantly affects the GDD spectrum. A structure optimized for normal incidence will not necessarily be optimum for a non zero degree angle, as the reflectivity and GDD spectrum will blue shift with the angle and the third order dispersion will also change. The simulation presented in Fig 2 shows the influence of the incidence angle on the GDD spectrum of a typical structure optimized for a flat GDD at 20
• angle. The first step to optimize the GDD spectrum is to center the DBR stopband on the central pulse wavelength at the operating temperature and incidence angle. Secondly, the length of the active region is designed such that the field intensity has a node at the semiconductor surface, also at the operating angle and temperature. This kind of design is often referred as antiresonant, because it minimizes the field intensity in the structure. This approach will reduce the available gain, but will give a flatter gain and GDD spectrum, and will increase the gain saturation fluence. Finally, the structure should be completed by a precise antireflection coating. The simplest antireflection coating consists of one layer of a dielectric material transparent at the pump and signal wavelength, and having an index of refraction around n c = √ n s , where n s is the refractive index of the semiconductor. 7 Even though this provides a tremendous improvement of the GDD and is a satisfactory solution for the generation of sub-ps pulses, it is not sufficient for sub-100fs pulses which require a broad spectrum with minimal third order dispersion. To further improve the GDD, it is possible to use a bi-layer dielectric coating to gradually decrease the refractive index of the structure. In this case, the refractive index of the first material deposited must be significantly higher than the index of the second material. For example, this can be accomplished by a combination of Si 3 N 4 or Ta 2 O 5 with SiO 2 . The thickness of each layer can be numerically optimized to obtain the GDD spectrum that will best compensate the other dispersive elements of the cavity. The influence of the type of coating on the gain and GDD is summarized in Fig 3. It shows that the third order dispersion and gain curvature of a single layer coating of Si 3 N 4 is clearly higher than with the other coatings, and that even if one could find a material with an ideal refractive index n c , a realistic bi-layer coating would still be a better choice and should support shorter pulses. Figure 3 . Influence of the type of coating on the gain and GDD spectrum. We simulate a structure designed for an emission wavelength of 1030nm and assume a carrier sheet density of 5.10
12 cm −2 and a temperature of 375K.
Finally, for optimal thermal management the gain structure is grown as a bottom emitter and subsequently bonded to a diamond heatspreader. 
SATURABLE ABSORBER DESIGN STRATEGY
The saturation fluence, the modulation depth, the GDD and the recovery time of the absorber are the main parameters to consider when designing a SESAM. The saturation fluence and modulation depth will be mainly determined by the type of material system chosen for the absorber and by the field intensity enhancement of the structure. The recovery time is mainly affected by the density and proximity of non-radiative carrier recombination centers, whereas the GDD will be governed by the overall structural layout and dielectric coating. A typical QW-based SESAM used for our study was grown in a molecular beam epitaxy machine (MBE), its layout is illustrated on Fig 4. The different parts or 'sections' of this SESAM can be divided as follow, in their growth order:
• A highly reflective DBR consisting of 29 quarter-wave layer pairs of AlAs/GaAs. The stop band center is aligned to the central wavelength of the pulse at operation temperature and angle of incidence.
• A 22nm thick GaAs spacer layer separating the QW from the DBR, which tailors the field enhancement factor and thus the saturation fluence.
• An 8nm thick InGaAs QW. The wavelength of the absorption peak is blue shifted by 10nm from the lasing wavelength to provide minimal absorption at room temperature, facilitating alignment. The modulation depth can be adjusted while it is lasing by increasing the heat-sink temperature.
• A 5nm thick GaAs cap layer. This thin separation layer provides a high carrier recombination rate from the QW via tunneling to surface states, while protecting the QW from oxidation. Figure 4 . Schematic layout of a SESAM structure incorporating an InGaAs QW for an operating wavelength of 990nm. On the left side is a magnification of the structure around the QW whereas the right side shows the full structure.
• A Si 3 N 4 or Ta 2 O 5 coating. Its thickness is not necessarily a quarter-wave like a regular AR coating but is engineered to minimize the total GDD of the cavity.
Once several gain structures and SESAMs are processed and coated, we measure their respective GDD at room temperature and normal incidence, and we select the best gain chip/SESAM combination to best compensate the total GDD at operating temperature and angle of incidence. An example of such match-up is shown on Fig. 5 . It shows that when the pulse hits the SESAM and gain structure only once per round trip, the total GDD is near zero and relatively flat at the designed wavelength of 990nm. 
CAVITY GEOMETRY DESIGN
An important aspect to consider when designing a cavity is the application targeted, as it often requires a specific repetition rate and thus a specific cavity length. One major application or interest for ultrafast VECSELs is the generation of frequency combs. For this purpose, VECSELs are particularly interesting in the multi-GHz repetition rate regime, where other existing technologies such as fiber or DPSSL based frequency combs are not very suitable. That means that a cavity length in the order of 10cm or less is usually desirable. However, if one is more interested about the maximum peak power achievable, for non-linear optic applications such as multi-photon microscopy for example, a longer cavity with a lower repetition rate will be more suitable as the average power will be distributed amongst fewer pulses, enabling high pulse energies. The lowest repetition rate achievable with a VECSEL is however limited by the finite carrier lifetime of the gain medium. In order to alleviate this problem, multiple passes on the gain medium per round trip is necessary. This way the excited carriers are depleted more often by the passage of the pulse, avoiding harmonic modelocking and low efficiency. Examples of three cavity geometries previously studied are presented on Fig. 6 . A very common SESAM-based modelocked cavity design is shown on Fig. 6 .(a), this V-shaped cavity is often preferred as it has the smallest number of external elements (beside the MIXSEL which has an absorber integrated into the gain structure 9 ), and allows for cavity lengths ranging from a couple centimeters to about 20cm. The second cavity design presented on Fig. 6.(b) allows for a lower repetition rate (390MHz here) due to the 4 passes on the gain chip and was used to demonstrate the highest peak power of 6.5kW from a VECSEL so far.
10 Finally, the Fig. 6 .(c) shows a ring cavity for the generation of colliding pulse modelocking. This cavity has the advantage of having the pulses passing only once on the gain chip per round trip while the gain is depleted twice by the counter-propagating pulses. This allows for a very low cavity GDD since the gain chip is the main contributor of third order dispersion, while reducing the chances of harmonic modelocking. This cavity also presents some other advantages due to the pulse interactions in the absorber, like a reduced saturation fluence and a robust modelocking regime.
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For each of these cavity geometries, the angle(s) of incidence on the VECSEL chip and SESAM is chosen in order to minimize the third order dispersion of the entire cavity. Our previous studies have shown that the resulting pulse duration is indeed very sensitive to the cavity angle. 10, 13 The dependance of the GDD with the angle of incidence is illustrated on Fig. 2 for an antiresonant MQW VECSEL chip, and is significantly more critical with a resonant periodic gain chip. To determine the optimal angle of incidence, the reflectivity and the GDD spectrum of the actual chip is measured at room temperature and at normal incidence. The simulated reflectivity and GDD spectra of the semiconductor structure are then closely fitted to these measured spectra to account for any deviation of the growth from the nominal design. Once the fits on each of these spectra are satisfactory, the GDD of the structure is simulated at operating temperature (∼ 375K) for various angle of incidence. The GDD of the SESAM is fitted and extrapolated using the same method and the optimal cavity angles are determined, taking into account the number of passes on each elements, such that the total cavity GDD is as close as possible to zero fs 2 with a flat broadband spectrum around the central wavelength.
It should be noted that multiple other cavity designs are also possible, however the optimization strategy remains the same : 1) selection of the total cavity length (rep. rate), 2) making sure that the time elapsed between two consecutive pulses on the gain chip is significantly less than the carrier lifetime of the gain medium, to avoid harmonic modelocking and/or low optical efficiency, 3) choose a suitable mode diameter ratio between the gain and absorber (usually >2) to ensure modelocking and eliminate CW breakthrough, 4) optimization of the cavity angle(s) to reduce and flatten the total GDD of the cavity, 5) finally, the output coupler value must be considered carefully for an optimal power performance, modelocking stability and pulse duration. A value too small may result in multipulsing, side pulses, and low output power. A value too high may result in a high threshold, limiting the range of stable modelocking and producing longer pulses. The effect of output coupling losses on the pulse formation dynamic has been investigated numerically, 14 and it was found that a high ratio of saturable losses over total cavity losses is more favorable for the formation of ultrashort pulses. A rule of thumb is to choose an output coupler on the order of the saturable losses. Some additional constraints may be necessary in the case of colliding pulse cavities to ensure a synchronization of the pulses on the SESAM and a symmetric gain recovery dynamic. 
EXPERIMENTAL RESULTS

Ring cavity for colliding pulse modelocking
To fully optimize the pulse duration and power combination of a given cavity, it is important to sweep several laser parameters such as the pump power, the VECSEL chip temperature, the SESAM temperature, and as discussed above the cavity angle, as the pulse characteristic can evolve significantly when one or more parameters are changed. This multi-dimensional optimization can be quite time consuming, therefore it is common to intuitively operate the laser at parameters values that 'seem' optimal, either in term of power or pulse duration.
(a) (b) Figure 7 . (a) Autocorrelation of a CPM cavity VECSEL vs. pump power. (b) Corresponding optical spectrum vs. pump power. The left graph is for an increasing pump power while the right graph is for a decreasing pump power, illustrating the hysteresis of the modelocked regime. The temperature of the SESAM was set to 24
• C and the VECSEL temperature was set to 10
• C.
However, for our study we used a different approach, where the pulse characteristics (power, autocorrelation and spectrum) were recorded simultaneously while scanning the pump power and SESAM temperature. The data recording and parameters sweep were all computer controlled. In addition, we recorded the data for both sweeping direction (increasing and decreasing pump power) to evaluate the possible hysteresis of the modelocked state, as already predicted by our simulations. 4 The other two parameters were changed step by step to find the true peak power optimum and give a better picture of the pulse formation behavior. This also show in more details the range and robustness of the modelocking regime when one or more parameter are varied. The Fig. 7 show an example of the non-collinear SHG autocorrelation and optical spectrum recorded from a ring cavity with an optimal angle of incidence (35
• ). The detail of the cavity setup can be found in ref.
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From these graphs, it is very clear that once the laser reaches the threshould, it stays modelocked over the entire range of pump power available. We can also notice the small hysteresis of the modelocked state which can exist at lower pump power when the system is already modelocked (decreasing pump power) than when it starts from spontaneous emission. From these graphs, we can extract the pulse duration and the spectral width of the pulses. The Fig. 8 shows the trend of these characteristics. We can see that the shortest pulse duration is reached for a pump power of about 25W, while the broader spectrum is reached at maximum power. This suggest that the pulse dispersion gets higher above 25W of pump as the pulses are no longer transform limited. These measurements were repeated at various SESAM temperatures to obtain 2D 'maps' of the pulse characteristics. The Fig. 9 shows the resulting pulse duration map for a non optimal cavity angle of 25
• and for an optimal angle of 35
• .
These graphs illustrate clearly the influence of the incidence angle on the pulse duration, as it directly affects the GDD of the cavity. It is remarkable to see that when the cavity angle is optimal, the laser stays modelocked over a very wide range of pump power and temperatures with a pulse duration staying well below 200fs, while when the angle is slightly off, the pulses are affected more strongly by a variation of the pump. We can also notice that the hysteresis is more pronounced when the SESAM temperature increases, i.e. when the saturable losses increases, as we would expect from the theory. The shortest pulse duration of 139fs obtained here seems to be still limited by the dispersion of the cavity as the time bandwidth product of the shortest pulses is about 1.3 time the Fourier transform limit. The maximum output power was reached at maximum pump power, giving an average power of 140mW per output beam while the maximum peak power was 370W per beam.
V-shaped cavity
We tested the same VECSEL chip and SESAM in a V-shaped cavity, with an output coupler increased from 0.8% to 1% to account for the increased modal gain of this geometry. The same optimization approach was used for this cavity. It appears however that the double pass on this particular chip yield to a GDD spectrum that is not favorable to ultrashort pulse duration. At the optimal angle, we obtained a minimum of 195fs. The Fig.9 shows the map of the pulse duration and spectral width of the output beam. The spectral map shows that the V-shaped cavity used is more prone to CW operation (dark blue area) and the pulse spectrum is strongly distorted at high pump power leading to longer pulses. The modelocking range is also more limited due to CW operation or CW breakthrough, even though the gain is higher. However, we believe that with a flatter GDD Figure 9 . Pulse duration of a CPM cavity VECSEL vs. pump power and SESAM temperature: (a) for an incidence angle of 25
• , (b) for an incidence angle of 35
• . The left graph is for an increasing pump power while the right graph is for a decreasing pump power, illustrating the hysteresis of the modelocked regime. spectrum of the chip and a better optimization of the output coupler, it should be possible to significantly reduce the pulse duration in this cavity configuration. . Pulse duration (top) and spectral bandwidth (bottom) of a V-shaped cavity VECSEL vs. pump power and SESAM temperature for an optimal incidence angle of 30
• . The left graph is for an increasing pump power while the right graph is for a decreasing pump power, illustrating the hysteresis of the modelocked regime.
SUMMARY
We presented the design strategy of a complete modelocked VECSEL device for the generation of ultrashort pulses. We detailed the gain structure design, and discussed the influence of the placement of the QWs according to the field standing wave and pointed out the importance of the antireflection coating for the compensation of the entire cavity dispersion at operating temperature and actual angle of incidence. These optimized structures were then tested in different cavity geometries, with a systematic and full characterization of the pulses. The computer controlled recording and sweeping of the laser parameters (power, temperature) was implemented to evaluate the range of modelocking operation and to determine the location of the optimum pulse duration and power. These studies showed the importance of the angle of incidence (hence the GDD) not only on the shortest pulse duration achievable but also on the range and robustness of the modelocking regime. The optimization method presented and experimental results are particularly interesting for a possible commercialization of these modelocked devices, where the range and stability of the modelocked operation when the laser is submitted to a fluctuating environment is of high importance.
